Abstract: A 128 Gbit/s free-space laser link demonstration has been presented. We use a simulated atmosphere system with a tunable 1 km equivalent weak turbulence channel. Eye diagrams and constellation diagrams were observed. Bit error rate curves of back to back transmission and that in a simulated atmospheric channel are measured. The results show that the receiving sensitivities can be better than -37.3 dBm at the rate of 128 Gbit/s in a turbulence channel. To the best of our knowledge, it is the first time that the transmission performance of high speed space laser in a tunable atmospheric channel is studied.
Introduction
With the development of space science and the next generation wireless communication system, there is an urgent need to develop large-capacity, high-speed, secure communication technology to realize the massive information real-time transmission of free space links. Therefore, free-space optical (FSO) communications technology is getting more and more attention due to higher speed, anti-interference link, and better security than microwave communications. Although, FSO communication technology has been developed for more than 20 years, the modulated rate has never exceeded 10 Gbit/s. In recent years, with the increasing of data rate in fiber optical communications, the high speed FSO communication technology has made a significant breakthrough.
At present, the United States, Japan and Saudi Arabia have developed a number of FSO communication demonstrations with high rate. In 2009, Cvijetic et al. in the United States NEC laboratory demonstrated 100 Gbit/s space laser communication in doors based on PM-QPSK modulation, and the equivalent outdoor transmission within distance of 1∼1.5 km by adding attenuators in the absence of atmospheric turbulence channel [1] . In 2014, Ciaramella et al. in the University of Southern California demonstrated a 100 Tbit/s free space optical communication with 1 m distance indoors via 12-channel orbital angular momentum (OAM) multiplex, 2-channel polarize multiplex and 42-channel wavelength division multiplex (WDM) technology based on QPSK modulation [2] . In 2016, Tsai et al. in Ming Chi University of Technology proposed and demonstrated the experimental demonstration of 320 Gbit/s(40Gbit/s/λ × 8λ = 320 Gbit/s) FSO communication system in 1550 nm waveband by using dense wavelength division multiplex (DWDM) technology, external intensity modulation and afocal scheme, in which the free-space link was 50 m [3] . Then, they researched optical wireless communication based on far L-band injection locked quantum-dash laser, in which the data rate was 100 Gbit/s and the distance was 4 m [4] . In 2017, Zhang et al. in Jinan University demonstrated a 95. 16 Gbit/s over 20 m free space optical link via vector-mode-division multiplexing (VMDM) and direct-detection orthogonal-frequency-division multiplexing (OFDM) [5] . All of the above studies are conducted in the laboratory and have not yet been transmitted in atmospheric channel with turbulence.
In recent years, some outdoor demonstrations have been reported. In 2009, Ciaramella et al. in Japanese University of Communication and Technology demonstrated free space optical communication via on-off keying (OOK) modulation and 32-channel WDM, in which the highest data rate was 1.28 Tbit/s and the distance was 210 m [6] . In 2016, Esmail et al. in King Saud University reported a 2.2 Tbit/s free-space optical communications at outdoors using 16QAM modulation and 12-channel WDM techniques, and the transmission distance was 12.5 m [7] . In 2017, they demonstrated a 1.08 Tbit/s data rate outdoor full-optical FSO communication system using 32-QAM modulation format, in which the distance was over 100 m and the channel was set up in arid desert area under a light dust storm [8] . In 2017, Lu et al. in National Taipei University of Technology proposed and demonstrated a 64 Gbit/s four-level pulse amplitude modulation (PAM4) FSO link based on vertical-cavity surface emitting laser (VCSEL) with an external light injection scheme, and the FSO link distance was 100 m [9] . Above studies belong to the demonstrations of atmosphere channel transmission outdoors, regardless of the turbulence intensity of the atmospheric channel. Therefore, none of these studies have focused on the transmission characteristics at different intensities with atmospheric turbulence.
In 2016, Qu et al. in the United States University of Arizona demonstrated 500 Gbit/s free space optical transmission by using quadrature phase shift keying (QPSK) combined with OAM multiplexing and WDM [10] , and strong atmospheric turbulence channel was emulated by two spatial light modulators. They used two spatial light modulators to produce different phases, and changed the arrival angle to simulate turbulence. However, the turbulence intensity cannot be tuned, or test the transmission characteristics in a channel with controllable turbulence intensity.
In this paper, we design a FSO transmission experimental setup with 128 Gbit/s rate based on PM-QPSK modulation. We use a simulated turbulence system as a transmitted atmospheric channel experimentally, and the link demonstration is analyzed in this channel with the variation of turbulence intensities corresponding to temperature differences of 80°C, 150°C, 230°C between two plates in the simulated system, respectively. In our experiment, power fluctuations and the impact on the performance of the communication system have been evaluated. Received eye diagrams, constellation diagrams, and bit-error rates (BERs) are measured. Receiving sensitivity is less than -37.3 dBm and the power penalty is less than 1 dB at the BER of 10 -3 with temperature differences of 230°C. It is the first time, to our knowledge, that over 100 Gbit/s free-space optical transmission performances in a simulated atmosphere channel with adjusted turbulence intensity are studied. The presented results indicate that the feasibility of FSO transmission using high-speed advanced modulation formats exceeds 100 Gbit/s.
Hot Air Convective Atmospheric Turbulence Simulator Principle
It is difficult and expensive for designing and testing outdoor FSO transmission system. Therefore, it is highly desirable to accurately emulate the outdoor atmospheric turbulence conditions in the laboratory, especially adjustable turbulence intensity. Thus far, there are a few main types of turbulence models have been reported, such as the rotating phase plates of University of Southern California [11] , fast-changing phase patterns in University of Arizona [12] , a randomly variations of turbulence cell where cold and hot air are mixed of Leiden University [13] , and the spatial light modulators emulator of University of Arizona [10] . In literature [11] - [13] , the effects of atmospheric turbulence on the light intensity flicker and the arrival angle fluctuation of the signal beam are firstly obtained through theoretical calculation and simulation analysis, and the same effect is simulated by program calculation and control device. In literature [10] , real high-intensity turbulence is easily generated by injecting heat flow into a cold air cell, but this method is not easy to control. In our experiment, we emulate the turbulence channel by the parallel plate convection device. The method achieved a more realistic view of the effect of turbulence on the beam by simulating the physical process of turbulence. It has the advantages of simple structure, easily to control, large inertia area satisfying the 2/3 law and good uniformity. So it is adopted as the transmission channel and easily to research the transmission performance of high speed modulated laser in the turbulence in the experiment.
It is based on similarity theory of atmospheric flow that we complete the simulation of atmospheric turbulence optical properties. When the flow has similar geometric boundary conditions and the identical Reynolds number, they have similar flow forces even though they differ in size or speed. The simulated atmosphere system consists of a simulated atmospheric box and an automatic controller as shown in Fig. 1(a) .
The simulated atmospheric box includes heating plate, cooling plate, turbulence generating region and temperature compensation region, as shown in Fig. 1(b) . The turbulence generating region must be insulated, therefore, we adopted a double layer insulation board between turbulence generating region and temperature compensation region in order to prevent the heat exchange. The turbulence generating region is the main part of the simulated atmospheric box, in which the length the width and the height are 2 m, 1 m and 0.35 m, respectively.
The cover plate on top of the box is a cooling plate and it can maintain a stable room temperature (or low temperature) by circulating water. Both the heating and cooling plates can be controlled by automatic controller, therefore, temperature of heating plate can be tuned. When the temperature difference between the heating surface and the cooling surface remains constant, then, a turbulent flow can be formed. In the simulated atmospheric box, there are some temperature detectors measuring the temperature of each part in real time. With these detectors, the automatic controller can adjust temperature of the heating plate in the box properly, so closed loop controlling process can be formed. Two windows on each side of the box are used as input and output ports in the simulated atmospheric channel respectively. Each windows with a diameter of 24 cm and is made of optical glass with a thickness of 10 mm.
When the simulated atmosphere system works, temperature of the bottom plate increases gradually. Once the temperature exceeds Rayleigh number, the turbulence can raise in the box. Atmospheric coherence length (r 0 ) is very accurate in expressing the intensity of turbulence in atmospheric channel. With the increasing of turbulence intensity, coherence length decreases. We can analyze and calculate r 0 corresponding to temperature difference ( T) between the cooling and heating plates in the box by measuring Fried coherence length.
Therefore, the corresponding turbulence intensity can be obtained by adjusting the temperature difference between two plates of the box. Fig. 2 shows the corresponding atmospheric coherence lengths measured by Hartmann and QD at a temperature difference of 10°C to 250°C in the experimental system. It can be seen that the values of r 0 measured by Hartmann and QD are similar with the range of 0-11 cm, and variation of the three curves is consistent. The Shack-Hartmann wavefront detector mainly consists of CCD and microlens array, and based on the wave front slope measurement and Zenike formula fitting. It is widely used in wave front distortion compensation and atmospheric turbulence characteristics detection. Wave front detector and Quadrant detector have the advantages of wide spectral and dynamic range, more fast response. When the optical signal's the shape and energy of the light spot made slightly changing by turbulence, both wave front detector and Quadrant detector are affected by the noise of the device itself, the detection error would be change greatly. Therefore, the Shack-Hartmann wave front detector is more sensitive than the wave front detector and the Quadrant detector in measuring coherence length. Therefore, the turbulence intensity is weak when turbulence simulation device at the low-temperature conditions, the detection value is relatively low of the coherence length by the Quadrant detector. In this experiment, different intensity of turbulence is adjusted via setting different temperature conditions, such as 80°C, 150°C, 230°C, the corresponding coherence length is 1.38 cm, 0.83 cm, 0.59 cm, respectively.
Experimental Setup
Improvement in spectral efficiency is considered the economical way to enlarge the FSO communication system transmission speed. As we know, quadrature phase-shift keying (QPSK) doubles the spectral efficiency of binary phase shift keying (BPSK). Another method of readily increasing the spectral efficiency is polarization multiplexing, in which independent signals are simultaneously transmitted on two orthogonal polarizations. The combination of QPSK and polarization multiplexing is therefore promising because it can transmit the bit rate four times as large as the symbol rate. In addition, although the studies of PM-QPSK modulation free-space optical transmission with indoors or outdoors short-distance are reported, there are no researches of PM-QPSK high speed free space optical communication have been applied for under controlled intensity atmospheric turbulent conditions. Thus, we use PM-QPSK technology as high speed laser modulated method, experimental setup schematic of the 128 Gbit/s free space laser transmission is shown in Fig. 3 . The transmitter includes two optical quadrature modulators (X and Y) and two output QPSK laser signals are multiplexed by a polarized multiplexer. Each optical quadrature modulator consists of two individual Mach-Zehnder (MZ) interferometers, one for I and another for Q, which are orthogonal to each other and the positive path produces a phase shift of π/2 through the phase shifter. A pair of collimators installed on windows on both sides of the box are used as atmospheric channel coupler, therefore, the collimators can transmit the 128 Gbit/s laser signal to the atmospheric channel and receive the signal before pre-EDFA (Amonics AEDFA-23-E-FA MAX20 dB).
A tunable external cavity semiconductor laser operating at 1550 nm with line width of ∼50 kHz is adopted as carrier in the experiment, and the laser can be modulated by two optical quadrature modulators. The electrical data from the arbitrary waveform generator (AWG, Keysight M9502A) transmits at a data rate of 32 Gbit/s and the microwave amplifier drives the MZ between −Vπ and +Vπ. The insertion loss of the PM-QPSK modulator is about 7 dB. The optical quadrature modulators are then multiplexed together forming a PM-QPSK signal that transmits 4bits/symbol at a data rate of 128 Gbit/s. PRBS signals have a pattern length of 2 9 -1. A 128 Gbit/s modulation signal launches into the atmospheric channel.
In the experiment, the simulated atmospheric channel with tunable turbulence can be produced by adjusting the temperature difference between bottom and top of the simulated atmosphere box 11/6 . Corresponding to turbulence intensities of 80°C, 150°C, 230°C, respectively, the light intensity flicker factor is calculated as 0.022, 0.026 and 0.025 by the measure received power, respectively. So the simulated transmission distance was calculated as 1.01, 1.10, 1.08 km (the signal light wavelength is 1.55 μm) respectively. Therefore, the equivalent length of the turbulence channel is about 1 km.
After transmitting by the simulated atmospheric channel and being amplified by pre-EDFA, the 128 Gbit/s PM-QPSK signals are de-multiplexed by a polarized de-multiplexer and received by a digital coherent receiver. Each de-multiplexed QPSK signal is mixed with an external laser through a 90°mixer, and four output signals can be received by four balanced detectors, respectively. QPSK signals can be demodulated by an optical modulation analyzer (OMA) (Keysight N4391A). The data sampled via real-time oscilloscope, then converts analog signals into digital.
Results and Discussion
The forward optical power is up to 3.7 dBm before entering the simulated atmospheric channel. The modulated laser spectrum with rate of 128 Gbit/s is shown in Fig. 4 . It can be seen from the figure that the center wavelength has a depression, indicating that the laser is completely modulated, that is, the modulation depth is higher. In addition, the modulation spectrum is a spectrogram, the spectrum is observed in the frequency domain, while the eye and constellation are observed. They are converted by Fourier transform, and equally important for observing the quality of modulation. The intensity of the modulation main peak is about −25 dBm and the intensity of the non-modulated part below −80 dBm, so the signal to noise ratio (SNR) is about 50 dB. After transmission in the simulated atmospheric channel, the average signal power is about −4 dBm. Obviously, attenuation of the transmission link is about 8 dB in this experiment. The attenuation is mainly caused by the atmospheric propagation loss and the coupling loss between free space and fibers in two collimators. Fortunately, the loss can be compensated by the pre-amplification before coherent detection.
In FSO transmission, the received signal power keeps fluctuating. By modulating 128 Gbit/s PM-QPSK signals on the optical carrier, we measure the received optical powers of the PM-QPSK signal after collimator. Fig. 5(b)-(d) shows the received powers as samples of these three temperatures, where the powers are recorded once every 0.1s and count up to 3000 power points sampled. As can be seen, with the increasing of turbulence intensity, the greater the power fluctuation is, the more unstable the system becomes, therefore, the received signal is degraded. But most measured power points are concentrated in the range of −3.5 ∼ −6 dBm. Although turbulence intensity has an effect on system stability, signals can still be received. After removing the rough error, the average received powers are about −4.18, −4.39 and −4.69 dBm, respectively. In Fig. 5(a) , the average received power of B2B is about −4.0 dBm without turbulence, so the additional attenuation caused by turbulence is less than 0.7 dB. The root-mean-square (RMS) errors of the received powers are calculated to be 0.48, 0.61 and 0.74 dBm, respectively. The results are consistent with statistical analysis. Obviously, fluctuation increasing of received power is mainly caused by the atmospheric turbulence light intensity scintillating. Corresponding to three turbulence intensities, the minimum and maximum received power values are −3.31 and −5.05, −2.9926 and −5.8276, −3.0 and −6.4 respectively. Therefore, fluctuation values corresponding to three turbulence intensities are ±0.87 dB, ±1.4976 dB and ±1.7 dB respectively. Fig. 6 show received X and Y signals constellation diagrams of the B2B and received signals after simulated atmospheric channel with the variation of turbulence intensities corresponding to temperature differences of 80°C, 150°C, 230°C, respectively, while the injected powers are almost [14] , so the low-frequency part of the received signal can be eliminated by the high-pass filter. A high-pass filter that allows the signal light above a certain cut-off frequency pass through, and the signal light at the lower frequencies was greatly attenuating. Due to the noise spectrum flashed by the atmospheric turbulence is between 0 and 1000 Hz, so we have set the bandwidth as not less than 1000 Hz for meeting the experimental requirements. Optical beam mainly be affected by the optical intensity flicker and angle-of-arrival fluctuations when it propagated in the atmosphere channel. The influence of optical intensity flicker has been well investigated theoretically and experimentally [15] , [16] . For angleof-arrival fluctuations can be caused by phase fluctuation, has been well investigated theoretically [17] , [18] . In the experiment, a collimator with the numerical aperture is 0.24 mm, the focal length is 37.13 mm and the coupling efficiency is not less than 40% (The transmitting power is 13.01 dBm and the receiving power is 8.92 dBm, which is averaged by 30 measurements) has been adopted, in which it is equivalent to a finite aperture and produced a receiver-aperture averaging effects. Therefore it can reduce the atmospheric turbulence effect on the signal optical in the atmosphere channel [17] . Fig. 7 show the I&Q -eye diagrams of B2B and received signals after transmitting in simulated atmospheric channel with the variation of turbulence intensities corresponding to temperature differences of 80°C, 150°C and 230°C, respectively. When the injected powers remain almost the same at 10 dBm. One can find that the received eye-openings are clear. With the increasing of the turbulence intensity, the eye pattern gradually deteriorates, the eye-opening becomes smaller. The Q-factors are calculated to be 6.993 and 6.839, 6.73 and 6.684, 6.432 and 6.156 for the temperature differences of 80°C, 150°C, and 230°C in the simulated atmospheric channel, respectively.
The measured received bit error rate (BER) curve versus received signal powers is shown in Fig. 8 for the B2B and received signals after simulated atmospheric channel with the variation of turbulence intensities corresponding to temperature differences of 80°C, 150°C, 230°C, respectively. In the experiment, a variable optical attenuator (VOA) is used to tune the received signal power. With the increasing of turbulence intensity, BER gradually increases. When the received optical power is high, the probability of randomly error bits appearing and being successfully sampled by the Keysight N4391 is lower, compared with low-power region. Similarly when the received optical power is lower, the probability of randomly error bits appearing and being successfully sampled by the Keysight N4391 is higher. In addition, the slight jitter of the optical signal and the weak noise generated by detector resulted an increasing in the total number of errors. Therefore, there is more severe BER fluctuation in the high-power region, and the BER results of low-power cases remain nearly identical.
At the BER of 3.8 × 10 −3 (FEC limit), the receiving sensitivities of B2B is obtained to be −38.6 dBm, −38.03 dBm for the temperature difference of 80°C, −38.0 dBm for the temperature difference of 150°C, and −37.3 dBm for temperature difference of 230°C. By comparing with the values of B2B at −38.6 dBm, the sensitivity penalties are less than 1.3 dB. The performance of the 128 Gbit/s PM-QPSK transmission in simulated atmospheric turbulence channel has no more degradation (its 1.3 dB) compared to B2B, which verifies the feasibility of high speed coherent PM-QPSK transmission in turbulence with weak intensity.
Conclusions
In conclusion, 128 Gbit/s FSO transmission performance based on polarization multiplexing QPSK is demonstrated in closely and accurately emulated outdoor weak atmospheric turbulence conditions in laboratory, the distance of channel is 1 km long and weak intensity turbulence environment is simulated. The test results show that the received power of the system is not only relatively stable under weak turbulence intensity, but also concentrated in the range of −3.5∼−6 dBm. The received sensitivity is −37.3 dBm at the FEC limit (BER = 10 −3 ). This study demonstrates that high-speed coherent PM-QPSK FSO transmission is feasible for long distance. The proposed approach could thus be an effective solution for information transmission between backbone links in space network.
